Background
Results
The identification of 73 enzymes common in 42 strains of S. enterica is the real strength of the current study. We proposed all 73 unexplored enzymes as potential drug targets against the infections caused by the S. enterica. The study is comprehensive around S. enterica and simultaneously considered every possible pathogenic strain of S. enterica. This comprehensiveness turned the current study significant since, to the best of our knowledge it is the first subtractive core proteomic analysis of the unique metabolic pathways applied to any pathogen for the identification of drug targets. We applied extensive computational methods to shortlist few potential drug targets considering the druggability criteria e.g. Non-homologous to the human host, essential to the pathogen and playing significant role
Introduction
Salmonella enterica is a Gram-negative facultative anaerobic intracellular bacterium. According to the classification scheme of Kauffmann-White [1] , more than 2500 serological variants (or serovars) were categorized in six subspecies [2, 3] . Most of the serovars have a broad range of hosts while some have adapted to specific hosts. The mechanism of adaptation is currently unclear [4] . Typically, S. enterica serovars infect the host through the mouth, leading to the three major symptoms: enterocolitis, bacteremia and enteric fever, or asymptomatic chronic carriage [5] . Human pathogens include serovar Typhi, Paratyphi, Typhimurium, Sendai, Choleraesuis, Dublin and many others [3] .
Pathogenesis of Salmonella enterica initiates with its entry in the host organism. Salmonella is usually acquired from the environment by contact with a carrier host or by oral intake of contaminated food or water. After ingestion, Salmonella survives the low pH of the stomach, eventually leading to entry of the intestine where it uses a type III secretion system to deliver effecter proteins essential for intestinal invasion [6] . Hereafter, bacterial progression within the host is different in Non-Typhoidal Salmonella and Typhoidal Salmonella. Non-typhoidal Salmonella serovars induce a localized inflammation which, in immunocompetent persons, results in enterocolitis with the infiltration of polymorphonuclear leukocytes (PMNs) into the sub-mucosal epithelium [7] . In Typhoidal Salmonella, intestinal inflammation is moderate, largely consisting of macrophage infiltration [8] and the bacteria is distributed and reaches the blood either directly or via the mesenteric lymph nodes or are transported within leukocytes, causing bacteremia [9] . Both types of Salmonella grow and persist in systemic tissues where they adapt to the intracellular environment. The pathogen can escape from host cells using secretion systems [10] .
A genome is the set of genes in a single functional organism, whereas the pangenome of a prokaryote is the set of non-redundant genes which includes a core genome containing genes present in all strains; dispensable genes that are absent from one or more strains, but not all; and genes that are unique to each strain [11] . Recently, microbial pangenomics has attracted the scientific community which was inspired by the accessibility to sequenced data of wholegenomes of the strains of particular species [12] [13] [14] [15] . Simultaneously, research on pan-proteomics was also initiated to study the effects of similarities and differences at the protein level among the strains of specie [16] [17] [18] . As of October 13, 2015 , there were only 45 target genes reported in DrugBank Database for S. enterica, which covers only 1.6% of its core genome size i.e. 2,800 [19] . Since the pathogen has developed resistance against conventional drugs, so there is a dire need to find new therapeutic drug targets.
In the present study, we took the whole proteome sequence data of 42 strains of 19 serovars of S. enterica and KEGG-annotated metabolic pathway data of Homo sapiens, identified and discarded S. enterica homologs of human proteins in unique metabolic pathways (UMPs) and identified enzymes essential to the pathogen using DEG database. We compared our results to a previous study [20] where they searched for new antimicrobial targets by focusing on different metabolic enzymes of a single serovar and comparing the results with other serovars at the genome level. In a more recent report, the pangenomic analyses of 22 complete and 23 draft genome sequences was performed [19] . However, to the best of our knowledge the current study is the first subtractive core proteomic analysis of the unique metabolic pathways applied to any pathogen for the identification of drug targets primarily essential enzymes.
Methodology
A schematic representation of the methodology is given in Fig 1. 88 biological datasets used in our analyses were downloaded from online sources, details of which are given in S1 Table. 1. Identification of UMPs of S. enterica KEGG Brite Hierarchy files of H. sapiens and 42 strains of S. enterica containing information about the genes of respective metabolic pathways were downloaded from the KEGG database [21] . The metabolic pathways unique to the serovars (i.e. missing in human host) were identified using KEGG Orthology (KO) IDs, and the corresponding genes were sorted out. The UMPs absent in some strains were listed out using in-house AWK scripts.
Clustering common proteins of UMPs of 42 strains
The KEGG IDs of all the genes from UMPs were converted to corresponding NCBI GIs using KEGG-API service [21] . Amino acid sequences were retrieved from the respective strains available on NCBI FTP server [22] using Fastblast [23] . The genes encoding tRNA and rRNA were excluded since the aim was to propose enzymes as the drug targets. Further plasmid-encoded genes were not considered to be essential for the survival of cell, as per information available in the Database of Essential Genes (DEG) [24] . We noticed that some NCBI GIs were discontinued and therefore, updated to the new GIs. We linked the new GIs with the old one and retrieved the sequence. CD-HIT [25] is a standalone command-based application which groups a set of sequences of a database on the basis of sequence identity. Orthologs within the 42 strains were identified by using CD-HIT (updated on August 27, 2012) to group protein sequences with at least 80% sequence identity in to Clusters of Proteins (COPs) so that each COP will be analyzed at once for further steps of subtractive proteomics. The results were verified by comparison to the online server of ElimDupes [26] .
Searching of non-homologous essential enzymes
To process all COPs for subtractive proteomic analyses at once, a novel strategy was applied which comprised of two approaches. In first approach, proteins of all COPs were subjected to BLASTp [27] against Homo sapiens downloaded from NCBI FTP server [28] and the output was analyzed for non-homologous proteins. In second approach, 3 strains out of 42 were selected at random and proteins of those strains were subjected to BLASTp against human proteome. Both approaches are illustrated in S1 Table 1 (a). The results of both approaches were observed by BioPerl module SearchIO [29] and the better approach was adapted to the next steps considering the criteria of time processing. The non-homologous COPs from the previous step were subjected to BLASTp of DEG V. 10 [24] to identify essential genes of the pathogen. The parameter details are mentioned in Table 1 (b). The KEGG Brite hierarchy is one of the important features of KEGG server containing the information of enzymes of metabolic pathways. The enzymes were sorted out from non-homologous essential COPs of S. enterica using the hierarchy files of 42 strains [21] .
Searching the virulent genes
VFDB (Virulence Factors Database) [30] containing protein sequences of all virulent genes was downloaded and non-homologous COPs from 3 randomly selected strains were subjected to standalone BLASTp against VFDB sequences to find out virulent genes with sequence identity of 70% or more. Table 1 (c) contained the parameter details.
Characterization of the hypothetical proteins
The hypothetical proteins were identified among the enzymes to characterize their structure and/or function. All the hypothetical protein sequences were subjected to standalone BLASTp against protein sequences available in PDB (Protein Data Bank) [31] obtained from PDB FTP server [32] . The parameter details are mentioned in Table 1 (d). The queries with significant hits against PDB database were verified from CD-HIT output and those with 'no hits' were subjected to SVM-Prot [33] and InterProScan version 4.0 [34] for protein family prediction. The results were manually cross-checked with CD-HIT output.
Validation from the literature:
The non-homologous catalytic proteins considered as putative drug targets were validated from DrugBank database [35] and published results of Becker et. al. [20] . In order to do so, the gene symbols of essential enzymes [20] were converted to full form using DAVID Bioinformatics tool [36] , and then searched in both sources manually.
Results and Discussion

Identification of UMPs of S. enterica
Each of the metabolic pathways of 42 strains of the S. enterica was compared with the complete human metabolic pathway. On average, each strain has 117 metabolic pathways and at least 34 UMPs (Table 2 ) with all UMPs present in almost all strains. A heatmap containing the percentage presence of proteins in each pathway and totally absent pathways in individual strains is illustrated in Fig 2, while its corresponding quantitative data is provided as S2 Table. In the studied strains of S. enterica, we found that only the strain (Typhi P-stx-12) was predicted to metabolize the Atrazine, thus may be resistant to it. However the dataset lacked the pathway information of β-Lactam resistance and Bisphenol degradation which were also the next most frequent absent pathways among all studied strains. The strains Heidelberg CFSAN002069 and Typhi CT18 needed to update in KEGG since the data was not updated and hence 22 and 11 NCBI GIs were appended, respectively in both strains and mentioned in S3 Table. 
Clustering common proteins of UMPs of 42 strains and searching of non-homologous essential enzymes
The CD-HIT resulted in 537 COPs and each cluster was comprised of more than 1 protein.
Out of total, 241 COPs contained at least 42 proteins belonging to the 42 strains of S. enterica. S4 Table contained the NCBI-GIs of orthologous proteins (genes) clustered in groups. The complete human proteome was obtained from NCBI FTP server (details in S1 Table) . The non-homologous proteins could be potential drug targets with reduced possible side effects or cross reactivity of the drug with the host proteins. It is essential to find the similarity of the shortlisted sequences with the human host. In order to do so, we compared each COP with the individual human proteins. We performed this comparison by two separate approaches (details in methods section). As stated earlier that the COPs were consisted of up to 80% similar proteins; therefore, if we compare either (i) each single entry of the COPs with the host proteins or (ii) comparing few randomly selected entries of the COPs with human host proteins, the outcome would remain same. We used both of the approaches to see if the statement maintains. Both approaches of searching non-homologous sequences in the pathogen revealed exactly same results i.e. 198 out of 241 COPs were identified as non-homologous to humans (Table 3 ). The second approach was selected for the further steps of subtractive proteomics as the approach was accurate and relatively fast. The COP names mentioned in Table 3 were allocated by the authors following the criteria of maximum or common occurrences of that name in a respective cluster. One important aspect was observed during the tabulation of data ( Table 3 ) that despite having exactly the same or closely similar names within the COPs, the member proteins of the respective COPS showed low similarity among them. These . From the similar named COPs, we randomly selected the few proteins and subjected to online BLASTp which resulted in low similarity in each case. There might be two possibilities for the outcome; either these sets of COPs were isozymes or might be human error during the GenBank submission. For instance BLASTp of NCBI GI 194443076 and 194443845 have only 29% identity though they both have same name and belong to the same strain. The beta subunit of the subtype 1 and 2 of the enzyme Nitrate reductase shared more than 80% sequence similarity and hence clustered in a single COP. The enzyme Succinate Dehydrogenase Cytochrome b556 large membrane was somehow not characterized as an enzyme during KEGG analysis hence its UniProt ID was mentioned in Table 3 . Additionally, we searched for the essential and virulent genes from the 198 COPs by applying the same subtractive proteomics approach. The database of essential genes (DEG) is a well curated open-access database consisting of essential genes from various organisms ranging from single-cell prokaryotes to multicellular eukaryotes. The bacteria harbor various virulent genes which lead to pathogenecity. Therefore, identifying virulent factors in the genome could lead us to elucidate the molecular mechanism of bacterial pathogenecity. The VFDB [30] is an online server containing information about virulent genes present in various microorganisms. Similar results were obtained from 3 randomly selected strains and it was found out that 138 out of 198 COPs were essential for the bacteria as per the prediction of DEG (Table 3) , and 42 out of 198 COPs were identified as virulent genes (Table 3 ). There were 73 enzymes in the 138 non-humongous essential COPs (Table 3 ). The NCBI GIs of each respective COP was presented in S5 Table. The S1 Text contained important information regarding the accessibility of NCBI GIs mentioned in S5 Table. The data illustrated through pie chart in Fig 3 and tabulated in Table 4 revealed that most of the targets (34%) belonged to the subclass 'phosphoryl transferases' or 'kinases' which are the most favorable targets in drug discovery research [37] .
Characterization of the hypothetical proteins
Hypothetical proteins are those for which the sequences are available but their family and functional classification has not been established. As such they may represent unidentified drug Computational Drug Target Identification against S. enterica targets [38, 39] . The computational methods (for e.g. Blast2GO, HMMscan, KEGG Automatic Annotation Server (KAAS), ProtParam server, PSORTb, SVMProt, etc) are effective in annotating the functional and family classes of the big number of hypothetical sequences present in bacterial genomes [40] [41] [42] . The functional classification may lead us to predict the mechanism of the possible metabolic pathway in which the protein is involved. In order to characterize the hypothetical proteins among the shortlisted COPs, we first looked how many proteins were hypothetical. We found out that there were 3,105 proteins in 73 COPs, out of which 114 proteins were hypothetical ( Table 5 ). The identifier details of these 3,105 enzymes are provided in S6 Table. Later on, we performed a BLASTp search using 114 hypothetical sequences as 'query' and sequences of PDB as 'database'. It was performed so that if there is any homology in already well characterized PDB database then it may lead us to classify the hypothetical proteins. The BLASTp showed hits against 81 queries with the PDB database while rest (i.e. 33) queries showed no hits ( Table 5 ). The names of obtained hits for 81 queries were manually matched with the corresponding 24 COPs. The leftover 33 queries for which no similarity was found in PDB database were subjected to the bioinformatics tools i.e SVM-Prot and InterProScan. The obtained results for the 33 'no hits' were confirmed by matching their names with the respective COPs. All results verified the output of CD-HIT clustering. 
Validation from the literature
A similar study was performed by Becker et. al. using experimental techniques, so we have compared our results obtained from in silico approach. We also looked in the DrugBank of the possible entry of any drug target(s) against Salmonella. The DrugBank [35] reported 19 drug targets of S. enterica. 11 out of 19 belonged to the human, while remaining 8 belonged to the bacteria. The oxygen-insensitive NADPH Nitro reductase was common in 35 strains only. Other five did not belong to UMP. Only one (i.e. Penicillin-binding protein) out of 8 genes was present in the output of current strategy. Results are summarized in Table 6 . Becker and his coworkers [20] have reported 155 essential enzymes for S. enterica serovar Typhimurium strain LT2, and compared those with various strains of S. enterica by performing extensive experimental study. We compared our identified 73 enzymes with the results of Becker and observed that 24 enzymes were shared by the reports of Becker et. al. (Table 3) . Furthermore, the enzyme CheA (Chemotaxis Protein, COP # 49) was found as essential in current study while Backer et. al. suggested it as non-essential. This discrepancy may arise due to the recent updates in the DEG. Computational Drug Target Identification against S. enterica 
Conclusion
We have performed extensive computational analysis of S. enterica at the level of core proteome to identify new potential drug targets. Subtractive proteomics through a novel approach was applied, i.e. by considering only proteins of the unique metabolic pathways of the pathogens and mining the proteomic data of all completely sequenced strains of the pathogen, thus improving the quality and application of the results. We identified 73 enzymes that are common to 42 strains of S. enterica, belong to unique metabolic pathways, are essential for pathogen survival and which have no human homologs. These four characteristics suggest that the Table  (DOCX) 
